Introduction
Macroautophagy, referred to here as autophagy, is an intracellular process in which cytosol and organelles are sequestered within double-membrane-bound structures, called autophagosomes, which deliver their contents to the lysosome/vacuole for degradation.
In addition to its well understood physiological role in recycling intracellular materials as a starvation response, there is growing evidence for the participation of autophagy in other cellular processes including cellular differentiation, tissue remodeling, growth control, adaptation to adverse environments, and cellular immunity (Cuervo, 2004; Levine and Klionsky, 2004; Mizushima, 2007; Yoshimori, 2004) . The mode of autophagosome formation stands apart from vesicle formation in other membrane trafficking processes, such as endocytosis and the secretory pathway (Noda et al., 2002) .
In autophagy, a flattened membrane sac, the so-called isolation membrane in mammals, is generated de novo, elongates, and encloses a cargo to form the autophagosome.
The LC3 (mammalian Atg8 homologue) protein is a ubiquitin-like molecule involved in autophagy. After synthesis, the C-terminal 22 residues of precursor LC3 are immediately removed by a protease, Atg4, to produce the LC3-I form. The C-terminal carboxyl base of LC3-I/Atg8 is conjugated to the head group amine of phosphatidylethanolamine (PE) through an amide bond by a sequence of ubiquitination-like reactions that involves an E1 (Atg7), an E2 (Atg3), and an E3 (protein complex including Atg5, Atg12, and Atg16L) (Fujita et al., 2008; Hanada et al., 2007; Ichimura et al., 2000) . The lipidated form of LC3 (LC3-II) and Atg8-PE are associated with the autophagosomal membrane Kirisako et al., 2000) . The LC3 lipidation process is reversible, since the Atg4 proteases can also catalyze the reverse modification reaction, termed delipidation, of LC3/Atg8 (Kabeya et al., 2004; Kirisako et al., 2000) . In fact, most of the LC3/Atg8 is liberated from the membrane at, or before, the final stage of autophagy, fusion between autophagosomes and lysosomes (Kimura et al., 2007; Kirisako et al., 1999) .
In yeast, Atg8 is proposed to function in expansion of the autophagosomal membrane (Nakatogawa et al., 2007; Xie et al., 2008) . Atg8-PE causes the hemifusion of vesicles in vitro, and this property may be related to the membrane expansion step of autophagosome formation (Nakatogawa et al., 2007) . In mammals, the existence of multiple Atg8 homologues (referred to as LC3 paralogues), including LC3, LC3A, LC3B, GABARAP, GATE16, and Atg8L, has been an impediment to genetic analysis of the lipidation of LC3 paralogues Wu et al., 2006) .
In mammalian cells, four Atg4 homologues have been reported:
Atg4A/autophagin-2, Atg4B/autophagin-1, Atg4C/autophagin-3, and autophagin-4 (Marino et al., 2003) . Among these, Atg4B has a broad specificity for LC3 paralogues (Hemelaar et al., 2003; Kabeya et al., 2004; Tanida et al., 2004) . Human Atg4B is a cysteine protease whose active catalytic triad consists of Cys74, His280, and Asp278 (Kumanomidou et al., 2006; Sugawara et al., 2005) .
Here, we found that overexpression of a protease activity deficient mutant of Atg4B strongly inhibits autophagosome formation. Through a mechanistic analysis, we show that excess inactive Atg4B blocks lipidation of LC3 paralogues, resulting in inhibition of autophagy. We believe this study not only demonstrates the role of the LC3 4 paralogues in autophagy, but also provides a powerful tool for inhibiting autophagy than will be useful in a wide variety of future studies.
Materials and methods

Reagents and antibodies
Cell culture reagents were purchased from Invitrogen. The following antibodies were used: rabbit polyclonal anti-rat LC3 ; anti-human Atg5 (Mizushima et al., 2001) ; anti-mouse Atg16L (Mizushima et al., 2003) ; anti-p62 (BIOMOL);
anti-GABARAP (MBL); anti-GATE16 (MBL); anti-monomeric red fluorescent protein which reacts with mStrawberry (MBL); mouse monoclonal anti-GFP (clone 7.1 and 13.1; Roche); anti-c-myc (clone 9E10; Gentaur); anti-α-tubulin (clone B5-1-2; Sigma).
Wortmannin (Calbiochem) was prepared as a 100 μM stock in Me 2 SO. All other reagents were purchased from Sigma-Aldrich.
DNA engineering, recombinant-adenoviruses, and recombinant-retroviruses
The plasmid encoding monomeric red fluorescent protein (mStrawberry) was a generous gift from Dr. Roger Y. Tsien (Shaner et al., 2004) . Expression vectors for GFP-LC3, Myc-LC3-HA, Myc-LC3 G120A -HA, and mStrawberry have previously been described Kimura et al., 2007; Mizushima et al., 2001) . To construct the mStrawberry-Atg4B C74A plasmid, the Atg4B cDNA was cloned from genomic DNA isolated from mouse embryonic fibroblast (MEF) cells, and was inserted into pmStrawberry-C1 using engineered BamHI and KpnI sites; the point mutation (C74A or C74S) was introduced using the QuikChange Site-Directed mutagenesis system (Stratagene). To construct the anti-human LC3 shRNA-plasmid, two oligonucleotides, 5'-GATCCGCTGAGATCGATCAGTTCATTTCAAGAGAATGAACTGATCGATCTC 6 AGTTTTTTGGAAA-3' and 5'-AGCTTTTCCAAAAAACTGAGATCGATCAGTTCATTCTCTTGAAATGAACTG ATCGATCTCAGCG-3' were synthesized and annealed, and the double stranded fragment was subcloned into the pRNA-H1/neo vector (GenScript) at the BamHI/HindIII sites. To produce recombinant adenoviruses, the cDNAs corresponding to mStrawberry, mStrawberry-tagged-Atg4B
WT , -Atg4B
C74A
, or -Atg4B C74S were subcloned into the pENTR 1A plasmid (Invitrogen). The cDNA inserts in pENTR-1A
were transferred to the pAd/CMV/V5-DEST vector (Invitrogen) by means of the Gateway system using LR clonase (Invitrogen). Recombinant adenoviruses were prepared with the ViraPower Adenovirus Expression System (Invitrogen) according to the manufacturer's instructions. pMRX-IRES-puro and pMRX-IRES-bsr were donated by Dr. S. Yamaoka (Tokyo Medical and Dental University, Japan) (Saitoh et al., 2003) .
For production of recombinant retroviruses, the cDNAs corresponding to EGFP-LC3, EGFP-Atg5 or mStrawberry-Atg4B C74A were transferred to pMRX-IRES-puro or pMRX-IRES-bsr. Recombinant retroviruses were prepared as described previously (Saitoh et al., 2003) .
Cell culture, plasmid transfections, and adenovirus infections
Plat-E cells were generously provided by Dr. T. Kitamura (The University of Tokyo) (Morita et al., 2000) . MCF7, 293A, NIH3T3, and Plat-E cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and appropriate antibiotics in a 5% CO 2 incubator at 37°C. For 7 nutrient-starvation, cells were cultured in Hanks' Balanced Salt Solution (HBSS) (Gibco) for 1 or 2 h. Transient transfections were carried out using LipofectAMINE2000 reagent (Invitrogen) according to the manufacturer's protocol. Stable transformants were selected in growth medium with 500 μg/ml G418, 1 μg/ml puromycin, or 10 μg/ml blastcidin.
Adenovirus infections were carried out as follows: on the day before infection, approximately 2 x 10 5 cells were plated into six-well plates and incubated at 37°C overnight in a CO 2 incubator. The medium was replaced with 1.5 ml of culture medium that contained recombinant adenoviruses. After 16-h of incubation, the medium containing adenoviruses was replaced with 1.5 ml culture medium. Following an additional 24-h incubation, the cells were used for experiments.
Western blotting
Cells were rinsed with ice-cold PBS, scraped, and collected by centrifugation at 4°C.
Cells were lysed in PBS containing 2% Triton X-100, 1 mM Phenylmethylsulfonyl fluoride, and Protease inhibitor cocktail (Roche) . Cell lysates were centrifuged at 15,000 x g for 15 min at 4°C, and supernatants were collected. Samples were separated by SDS-PAGE and transferred to polyvinylidene difluoride membrane. 
Gel filtration
Gel filtration analysis was performed as previously described (Mizushima et al., 2003) .
Briefly, 293A cells were homogenized in homogenization buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, and Protease inhibitor cocktail (Roche)] by repeated passage (~15 times) through a 1 ml syringe with a 23-gauge needle. The homogenate was centrifuged at 10,000 x g for 10 min, and the supernatant was further centrifuged at 100,000 x g for 60 min. The resulting supernatants (cytosol fraction) were separated by size exclusion chromatography on a Superose 6 column (GE healthcare).
Bulk protein degradation assay
Cells were seeded in 24-well dishes and incubated overnight. On the following day, the cells were exchanged into labeling medium containing 14 C-valine (1.5 μCi/ml) and incubated overnight. Cells were exchanged into chase medium (DMEM supplemented with 10% FBS and 10 mM unlabeled valine) and further incubated for 4 h to remove the contribution of short-lived proteins. After the chase period, cells were exchanged into growth medium containing 10 mM valine or HBSS containing 10 mM valine to induce autophagy. After a 2-h incubation, the media were collected and the trichloroacetic acid (TCA)-soluble fraction was analyzed by scintillation counting. The cells were lysed in ice-cold RIPA buffer [25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1% deoxycholate, 5 mM EDTA, and Protease inhibitor cocktail (Roche)] and the TCA-insoluble fraction was isolated and analyzed by scintillation counting. To determine the rate of long-lived protein degradation, the count in the TCA-soluble fraction in the medium was divided by the equivalent TCA-insoluble count in the cell.
Electron microscopy
Conventional electron microscopy was performed as previously described except that NIH 3T3 cells were post-fixed with 1% OsO 4 in 1% K 4 Fe(CN) 6 and 0.1 M phosphate buffer, pH 7.4, for 1 h. Immuno-electron microscopy using the gold enhancement method was also performed, as described previously (Luo et al., 2006) .
Statistics
All values shown in figures are represented with standard deviation. Statistical significance (p value) is determined by student's t-test.
Results
Atg4B overexpression inhibits autophagic flux independent of its catalytic activity.
It has been reported that overexpression of Atg4B, a protease that processes LC3
paralogues, negatively affects the membrane localization and PE conjugation of LC3 (Tanida et al., 2004) . In our experimental system, GFP-LC3 puncta were not observed following overexpression of Atg4B (Fig. 1A) . One possible mechanism underlying this negative effect is that excess Atg4B efficiently deconjugates the LC3 from PE and decreases membrane localized LC3. To test this hypothesis, inactive Atg4B mutants (Atg4B C74A or Atg4B C74S ) that lack protease activity due to mutation of the catalytic cysteine residue (Cys74) were overexpressed. Unexpectedly, both mutants showed similar effects as wild-type Atg4B on membrane targeting and PE conjugation of LC3
( Fig. 1A and B), indicating that the negative effect is independent of the deconjugation activity.
Next, we examined the effect of Atg4B C74A overexpression on autophagic flux in 293A cells. As it has been reported that p62/SQSTM1 is a selective substrate of autophagy (Bjorkoy et al., 2005; Mizushima and Yoshimori, 2007) , we investigated autophagic degradation by monitoring endogenous p62 protein levels. At steady state, the p62 level in Atg4B C74A overexpressing cells was much higher than in mock cells, suggesting a defect in constitutive autophagic clearance (Fig. 1C) . In mock cells, nutrient-starvation, which induces autophagy, resulted in a slight decrease of p62 protein level; this was blocked by 100 nM wortmannin, an inhibitor of phosphatidylinositol 3-kinase that blocks autophagic activity (Blommaart et al., 1997) . A similar reduction was not observed in Atg4B C74A overexpressing cells (Fig. 1C) . We then monitored long-lived protein degradation upon nutrient-starvation in mock cells, cells stably expressing mStrawberry-Atg4B
C74A
, and cells stably expressing shRNA against LC3 (Fig.   1D ). In mock and LC3-knockdown cells, long-lived protein degradation was elevated by nutrient-starvation, and the elevation was blocked by wortmannin ( Fig. 1E ). This 
Overexpression of Atg4B C74A inhibits PE conjugation by sequestering LC3
We next assessed which step in the PE conjugation pathway was affected by the Atg4B C74A mutant. In the LC3/Atg8 conjugation reaction, the Atg12-Atg5 conjugate and Atg16L form an 800-kDa super complex (referred as to the Atg16L complex) (Mizushima et al., 2003) that plays an E3-like role by recruiting an E2 (Atg3)-LC3
intermediate to the site of conjugation (Fujita et al., 2008; Hanada et al., 2007) . In 293A cells stably expressing mStrawberry-Atg4B C74A , the formation of the Atg12-Atg5 conjugate was not affected ( Fig. 2A) . To examine the size of the Atg16L complex, cytosolic fractions of mock 293A or 293A cells stably expressing mStrawberry-Atg4B C74A were separated by size exclusion chromatography and immunoblotted with anti-Atg5 or anti-Atg16L antibody. As shown in Fig, 2B , the molecular mass of the Atg16L complex was not shifted by mStrawberry-Atg4B C74A overexpression. From these results, we conclude that the Atg16L complex formation is not affected by overexpression of Atg4B C74A .
LC3 paralogues are synthesized as a pro-form that must be cleaved by Atg4 to expose a glycine residue that is engaged in conjugation. It is possible that this initial processing step is competitively inhibited by excess inactive Atg4B, resulting in failure to expose the glycine residue. To determine whether cleavage was inhibited, we used a Myc-LC3-HA construct, in which the HA tag is fused at the C-terminus of LC3. This construct enables us to easily distinguish between pro-LC3 and LC3-I by monitoring size . As shown in Fig. 3A , the negative control Myc-LC3 GFP-LC3 is usually detected throughout the cytoplasm and within the nucleus when it does not form puncta. Nuclear localization of GFP-LC3 likely depends on the nature of GFP, because indirect immunofluorescence analysis of endogenous LC3 using an anti-LC3 antibody does not show a nuclear localization pattern (Komatsu et al., 2005) .
Interestingly, in Atg4B overexpressing cells, GFP-LC3 dot formation was suppressed and GFP-LC3 signal was detected only in the cytoplasm (Fig. 1A ). The absence of nuclear GFP-LC3 suggests that it is trapped by excess Atg4B that localizes only in the cytoplasm.
In support of this hypothesis, we ascertained that Atg4B and its inactive mutants form stable complexes with LC3 paralogues. 3xFlag-Atg4B mutants efficiently pulled down 13 LC3-I and GATE16-I (Fig. 3B) Fig. S1 ). These results indicate that the formation of Atg7-LC3
intermediate is the step that is inhibited by overexpression of Atg4B.
Atg4B
C74A mutant inhibits LC3 lipidation in a dose-dependent manner (Fig.   4A ). Accumulating data set suggest that the cause of the inhibitory effect is sequestration of LC3 paralogues by excess Atg4B mutant. If so, the inhibitory effect should be dependent on the molecular ratio of Atg4B to LC3 paralogues. To test this model, we expressed GFP-tagged LC3 paralogues in NIH3T3 cells stably expressing mStrawberry-Atg4B
C74A
. As expected, the inhibitory effect of Atg4B mutant on LC3 lipidation was suppressed by exogenous LC3 or other LC3 paralogues in a dose-dependent manner ( Fig. 4B and Supplemental Fig. S2 ). Collectively, we conclude that sequestration of LC3 paralogues by excess Atg4B C74A prevents access of LC3
paralogues to Atg7 and leads to a defect in autophagic degradation.
The LC3 paralogues are involved in closing the isolation membrane.
As the Atg4B mutant sequesters LC3 paralogues, cells overexpressing this protein provide a useful system for analysis of the role of the LC3 paralogues in autophagosome formation. To this end, we utilized NIH3T3 cells, which are suited to morphological analysis of the autophagic membrane, because of well-spread cytoplasm. The inhibitory effect of Atg4B mutant overexpression on PE conjugation of LC3 paralogues and membrane targeting of LC3 were also observed in this cell line (Fig. 4 , Supplemental Fig.   S3 and S4A). Moreover, the number of p62 bodies was significantly increased in mStrawberry-Atg4B C74A expressing cells (Supplemental Fig. S4C ). In wild-type cells, isolation membranes were detected as punctate GFP-Atg5 signals. When the isolation membrane elongates and fuses to form the autophagosome, Atg5 detaches from the membrane. Therefore, GFP-Atg5 can be detected only on nascent autophagosomes, but not on completely formed ones (Mizushima et al., 2001) . In a cell line in which GFP-Atg5 and mStrawberry-Atg4B C74A were stably co-expressed, the number of punctate GFP-Atg5 signals was increased in both nutrient-rich and starvation conditions ( Fig. 5A and B) . We obtained similar results by immunostaining with anti-Atg16L antibody (Supplemental Fig. S4B ). The membrane localization of the Atg16L complex is dependent on the phosphatidylinositol 3-kinase (Fujita et al., 2008; Mizushima et al., 2001 ). The punctate GFP-Atg5 signals in mStrawberry-Atg4B C74A expressing cells were also dispersed by wortmannin treatment, as in control cells ( Fig. 5A and B) . To further characterize the Atg5-positive membrane structure, we examined the localization of Atg9L1, which is a mammalian homolog of yeast Atg9, a membrane protein engaged in autophagosome formation (Yamada et al., 2005) . In mammalian cells, Atg9L is reported to cycle between the trans-Golgi network and the Golgi (Young et al., 2006) . As shown in Supplemental Fig. S5A , Atg9L1 did not show high colocalization with GFP-Atg5 in the presence or absence of Atg4B
, suggesting that the defect seen in Atg4B C74A overexpressing cells is not related to Atg9L localization. We then analyzed the localization of the uncoordinated 51-like kinase1 (ULK1), the putative mammalian orthologue of yeast Atg1, a protein kinase also engaged in autophagosome formation (Chan et al., 2007; Hara et al., 2008) . In control cells, myc-TEV-Flag-tagged ULK1 colocalized with GFP-Atg5 (Supplemental Fig. S5B ). In Atg5 knockout cells expressing the conjugation-deficient mutant of Atg5
K130R
, small crescent-like Atg5-positive membrane compartments accumulated (Mizushima et al., 2001) . In Atg5 knockout MEF cells expressing GFP-Atg5 K130R , ULK1 is also recruited to the structure (Supplemental Fig. S6 ). It was reported that ULK1 and GABARAP, an LC3 paralogue, physically interact (Okazaki et al., 2000) , therefore it is possible that Atg4B C74A overexpression leads to a defect in ULK1 localization. However, colocalization of ULK1 and Atg5 was observed in Atg4B C74A overexpressing cells (Supplemental Fig. S5B) , showing that the GFP-Atg5 positive structures that lack LC3-PE contain ULK1.
Next, we examined the Atg5-positive structures at the ultrastructural level. In mock cells, isolation membranes (Fig. 6B) , autophagosomes ( Fig. 6C-E) , and many autolysosome-like structures, which are characterized by highly electron dense signals, were observed by electron microscopy (Fig. 6A) . In addition to autolysosomes, there are other electron-dense structures within cells, and therefore certain structures, such as amphisomes or autolysosomes, cannot be absolutely distinguished without specific markers (Eskelinen, 2008) . Because membrane localization of LC3, the sole specific marker for autophagosomes and autolysosomes, was severely suppressed by Atg4B C74A overexpression (Supplemental Fig. S4A ), we cannot interpret the electron-dense structures further. Therefore, we counted the isolation membranes and double-membraned autophagic membranes. In contrast to mock cells, many isolation membranes ( Fig. 6G and H) and autophagosome-like structures ( Fig. 6I and J) were observed in cells stably overexpressing Atg4B C74A ( Fig. 6F and K) . Since we observed cross-sections of the cells, it was sometimes difficult to determine whether the autophagosome-like structures were really closed. However, the ratio of completely open structures to total autophagic structures was significantly higher in Atg4B C74A expressing cells than in mock cells (Fig. 6L) . We also observed that the elevation in the number of autophagic structures and the ratio of open structures to total autophagic structures by excess Atg4B was diminished by overexpression of GFP-LC3 (Supplemental Fig. S7 ).
Although there was no significant difference in the length of open-autophagic membranes between mock and mStrawberry-Atg4B C74A overexpressing cell, the length of the closed-autophagic membranes in Atg4B C74A overexpressing cells was slightly shorter than the length in mock cells (Fig. 6M) . The ratio of the length of open to closed autophagic membrane in Atg4B C74A overexpressing cells was significantly higher than in mock cells (Fig. 6N) , suggesting that the defect exists at a late stage in the 17 autophagosome formation. Finally, to correlate these structures with fluorescence microscopy, we performed immunoelectron microscopy. NIH3T3 cells expressing GFP-Atg5 and mStrawberry-Atg4B C74A were grown in HBSS for 1 h and the localization of GFP-Atg5 was examined by gold-enhanced immunogold electron microscopy using an anti-GFP antibody. As shown in Fig. 6O , the isolation membranes, which elongate relatively well, were positive for GFP-Atg5 in Atg4B C74A overexpressing cells. These lines of evidence indicate that the LC3 paralogues are involved in the completion of autophagosome formation in mammalian cells.
Discussion
We found that overexpression of Atg4B has an inhibitory effect on autophagy independent of its delipidation activity in mammalian cells. The inactive Atg4B C74A mutant specifically blocks the lipidation of LC3 paralogues by sequestering LC3 paralogues in stable complexes, resulting in blockade of the Atg7-LC3 reaction. It is interesting that the Atg4B enzyme has high affinity for its product, processed LC3
paralogues. This is in sharp contrast to overexpression of inactive ubiquitin deconjugating enzymes, which act in a dominant-negative fashion, elevating levels of their substrate, ubiquitin-conjugated proteins (Hang and Dasso, 2002; Li et al., 2002) . In the course of the enzymatic reaction, Atg4 and LC3 paralogues should associate, but once cleavage has occurred, the proteins should dissociate for the next step, the Atg7-LC3 reaction. It is possible that an unknown factor is necessary for dissociating LC3 from Atg4, and Atg4 overexpression might result in limitation of this factor.
In cells overexpressing Atg4B
C74A
, a large number of the autophagic structures were not closed, although the length of these membranes was comparable to the length of autophagosomal membranes in control cells (Fig. 6M ). This observation fits with the results that Atg5-positive membrane structures accumulated and had prolonged lifetimes (Fig. 5) , based on the previous report that the Atg16L complex detach once the autophagosome formation is completed (Mizushima et al., 2001) . In Atg5 knockout cells expressing the GFP-Atg5 K130R mutant, in which Atg12-Atg5 conjugation does not occur,
GFP-Atg5
K130R signals also remain longer in membranous structures. These cells have incomplete Atg16L complexes, which lack Atg12, whereas in Atg4B C74A overexpressing cells, the Atg16L complex is intact. Therefore, it seems that the trigger that liberates the Atg16L complex from the membrane upon completion of autophagosome formation is not within the Atg16L complex.
It is interesting that autophagosome formation proceeded to a relatively late stage in Atg4B C74A overexpressing cells; formation of autophagosome-like structures takes place. In addition, ULK1 is recruited to the structure in a manner similar to that observed in the isolation membranes of control cells (Supplemental Fig. S5 ). The apparent defect in autophagosome completion is closure of the end of each elongating membrane. This does not necessarily exclude the proposal that Atg8 functions in expansion of autophagosomal membranes in yeast (Xie et al., 2008) , because we observe only terminal phenotype, and cannot exclude the possibility that elongation speed is slower. Atg8-PE can cause hemifusion of vesicles in vitro (Nakatogawa et al., 2007) . One possibility is that LC3 paralogues function to complete autophagosome formation by fusing membranes in mammalian cells. Interestingly, in atg8Δ yeast, autophagosome-like structures were also detected by electron microscopy, however, at low frequency (Kirisako et al., 1999) . There remains a possibility that expansion of autophagosomal membrane is not completely hampered by the deletion of Atg8.
We do not believe the phenotypes we observed are due to incomplete inhibition of LC3 paralogues function, because autophagosome-like structures were also observed in Atg3 (a specific E2 enzyme for Atg8 homologues) knockout MEF cells, where PE-conjugation of LC3 paralogues is defective (Dr. Keiji Tanaka and Dr. Masaaki Komatsu, personal communication) . By utilizing an inactive mutant of Atg4B, we could exclude secondary effects that might be brought about by overexpression of wild-type Atg4B, such as hyper delipidation. Therefore, the phenotypes we observed likely reflect the physical sequestration and deficiency of the LC3 paralogues.
One strategy that may provide important information is artificial inhibition of autophagy. Indeed, treatment with drugs such as wortmannin or 3-methyladenine is widely used in studies of autophagy, but these drugs have side effects. RNA interference-mediated gene knockdown is a potential approach; however, nearly complete suppression of the ATG genes is needed to fully inhibit autophagy, and this is often difficult to achieve (Hosokawa et al., 2006; Yoshimura et al., 2006) . The use of genetic knockouts of ATG genes is an alternative option for complete inhibition, but available cell types are restricted. In the case of Atg4B C74A overexpression, it seems possible to fully inhibit autophagy in any type of cell. Several studies have suggested that the Atg12-Atg5 conjugate has other roles in addition to autophagy (Pyo et al., 2005; Takeshita et al., 2007; Yousefi et al., 2006) . However, currently reported Atg5 or Atg7 deficient cells do not distinguish between autophagic and non-autophagic function of the Atg12-Atg5 conjugate, as it is lacking in both cell types. As overexpression of the Atg4B mutant inhibits formation of autophagosomes, but not generation of the Atg12-Atg5
conjugate, such problems can be avoided. We believe that the inactive Atg4B mutant will provide a useful tool for a broad range of studies analyzing autophagy.
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Figure legends NIH3T3 cells stably expressing GFP-Atg5 (1) or both GFP-Atg5 and mStrawberry-Atg4B C74A (2) were grown in HBSS for 1 h and directly observed by time-lapse video microscopy.
